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Abstract

Gold cylinders with nanometric dimensions were successfully synthesized and characterized by X-ray scattering and dif-
fraction, transmission electron microscopy, dynamic light scattering, and ultraviolet—visible spectroscopy. A small change
on the synthesis route led to a slower reaction, allowing better control over the dimensions of the nanorods. The structural
characterization enabled the description of the parameters as a function of synthesis time as well as reliable quantification
of molar concentrations. The fine-tuning of sizes is crucial for the optimization of the nanorods on specialized applications.
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Introduction

Gold has unique properties in the macro scale, namely, low
electrical resistance, protection against oxidation among
many other characteristics. However, when going to the
nanoscale, particles made of gold, and many other noble
materials, also present striking properties which opens a
wide range of applications [1, 2]. Gold nanorods (GN) with
well-defined sizes can be used as sensors due to their high
biocompatibility and unique plasmon resonant properties
[3]. In recent applications, GN has been used to enhance
chiral recognition of enantiomers [4], drug carriers for pho-
tothermotherapy [5], and promote optical information stor-
age [6]. The efficiency of these applications depends on the

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s40089-020-00322-w) contains
supplementary material, which is available to authorized users.

<l Cristiano Luis Pinto Oliveira
crislpo@if.usp.br

Instituto de Fisica, Universidade de Sdao Paulo, Rua
do Matdo Nr. 1371, Cidade Universitéaria, Sdo Paulo,
SP 05508-090, Brazil

Departamento de Fisica, CCET, Universidade Federal
Do Maranhio, Av. dos Portugueses, 1966, Vila Bacanga,
Sao Luis, MA 65080-805, Brazil

Laboratdrio de Microscopia E Microanalises (LMM),
Instituto de Pesquisas Energéticas E Nucleares,
IPEN-CNEN/SP, Avenida Lineu Prestes, 2242, Cidade
Universitaria, Sao Paulo, SP 05508-000, Brazil

fine-tuning of the rods’ radius and aspect ratios [5]. There-
fore, optimized synthesis control and detailed structural
characterization of the GN on different synthesis times are
crucial for the selection and application of the synthesized
nanorods. In this work, a small change in the traditional
synthesis procedure led to a synthesis of GN with slower
reaction speed and nanorods with a larger radius and smaller
aspect ratios when compared to the original synthesis. The
structural characterization of the GN was performed using
small-angle X-ray scattering, X-ray diffraction, dynamic
light scattering, transmission electron microscopy and ultra-
violet-visible spectroscopy. As a result, the time evolution of
the dimensions of the rods could be followed and described.

Experimental information
Synthesis of the GN

The nanorods were produced using a seed-mediated reduc-
tion route. The synthesis is performed in two steps: the
preparation of seed and growth solutions. This method was
adapted from the one reported in the publication of Morasso
et al. [7]. A modification was done in the preparation of
the growth solution which made the growth of the nanorods
slower. This modification consists of the prior solubilization
of a tiny quantity (1 mL) of CTAB aqueous solution with
part of the gold solution, thus generating an orange solution.
The preparation of the seed and the modified growth solu-
tions are described below.
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Seed solution preparation

For the seed solution, cetrimonium bromide (CTAB) is
dissolved in MiliQ water at a concentration of 200 mM and
was kept at 40 °C under ultrasonication for the complete
dissolution of the CTAB. Then, 5 mL of this solution was
mixed with 5 mL of a 0.5 mM HAuCl, aqueous solution at
a temperature of 27 °C under ultrasonication. So, 600 pL of
NaBH, (10 mM), previously dissolved in water at 4 °C, was
added and the final mixture was kept under vigorous stirring
for 20 min.

Modified growth solution preparation

The growth solution was prepared by adding 220 mg hydro-
quinone (HQ) in 50 mL of a 50 mM CTAB solution at 40 °C
under magnetic stirring. After the complete dissolution of the
reactants, the temperature was lowered to 27 °C. In paral-
lel, 20 mL of 1 mM HAuCl, was mixed with 1 mL of the
HQ + CTAB solution. The color of the solution immediately
changed from yellow to orange. Then, the remaining 30 mL of
the 1 mM HAuCl, solution was added to this orange solution.
This gold solution was mixed with the remaining 49 mL of
the CTAB solution. Then, 2 mL of AgNO; (4 mM) aqueous
solution and 120 pL of the seed solution were added. The
final solution had a volume of about 102 mL and was kept
at a controlled temperature of 27 °C under vigorous stirring
for about 1 h. Then, 8 mL aliquots were collected at different
times and immediately cooled in ice to stop the reactions. The
aliquots were centrifuged at 10,000 rpm for 10 min. Then the
supernatant was extracted leaving only the precipitate. 3 ml
of deionized water were added and redispersed.

The color of the sample evolved from dark orange to
dark wine (at 60 min synthesis time). The orange color
obtained during the synthesis described above may be
related to CTAB-AuCI*~ interactions. According to Khan
et al. [8], when the HAuCl, and CTAB aqueous solutions
are mixed, ion exchanges occurs, forming ion pairs of CTA
* and AuCl,". This reaction occurs under certain concen-
trations of the CTAB and HAuCl, [8]. In their work, two
orange reaction solutions were obtained: one containing
[HAuCl,]=0.2 mM and [CTAB]=0.4 mM and another
containing [HAuCl,]=0.2 mM and [CTAB]=0.6 mM; cor-
responding to concentration ratios [CTAB]/[HAuCl,] =2
and 3. In our work, the orange solution was obtained for
[CTAB]=2.38 mM and [HauCl,]=0.95 mM. It is interest-
ing to note that, even though these CTAB concentrations
are much higher than the ones studied by Khan and coauthors,
the concentration ratio CTAB/HauCl,=2.5, which is in the
same range were the same color was obtained in their work.
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SAXS measurements

SAXS measurements were performed using a Xeuss 2.0-equip-
ment. The equipment has three X-ray sources (Co, Mo, Cr) and
a Pilatus 300 k 2D detector. Several sample-to-detector distances
can be mounted, giving a broad range of sample to detector
distances, which allows the investigations of sizes from ~ 1
to 400 nm. The scattering intensities are described as a func-
tion of the reciprocal space momentum transfer vector ¢, with
modulus given by g = 4zsin(8)/ A, where 20 is the scattering
angle and A the radiation wavelength. In this work, a Cu Ka
tube was used (A=0.15418 nm). Two sample sample-to-detector
distances were used: 6.5 m and 0.9 m. For 6.5 m one has a q
range of 0.025 <q<0.6/nm. For 0.9 m the available interval
was 0.1 <q<3.5/nm. The samples were placed in home-made
stainless steel sample holders with glued 1.5 mm glass capillar-
ies and closed with sealing caps. Therefore, the capillaries can
be washed and rinsed allowing a proper background subtrac-
tion. The 2D scattering data were collected on several frames
of 600 s. The images were integrated into 1D curves using the
software available in the instrument. The experimental inten-
sity data was treated using standards procedures [9]. Measure-
ment of capillary filled with water was used as background and
subtracted from the experimental intensity data. This water
sample was also used as a primary standard for absolute scale
normalization.

XRD measurements

The samples were characterized by X-ray diffraction by using
a laboratory-based equipment Bruker D8 Discover-DaVinci™
equipment equipped with a Cu Ko tube. The measurements
were recorded by using a 20 step of 0.05° and a counting time
of 2 s per step, with 20 varying from 30° to 90°. Due to the low
amount of the sample, it was not possible to separate the GN and
make powder samples. Instead, drops of the synthesis aliquots
were placed on the glass plate and left to dry at ambient tem-
perature. The plates with the deposited thin films were placed
on the equipment for measurements on theta-2theta geometry.
This thin film procedure was used due to the low volume of the
samples, which precluded the production of purified powder
samples. The glass plate was rotated at 30 rpm. As shown later,
the XRD data showed the presence of gold crystalline structure
but the drying process created nonspecific crystal structures of
CTAB, making impossible the use of detailed model refinement.

DLS measurements (DLS)

DLS measurements were performed using a Brookhaven
90Plus™ Particle Size Analyzer placed at the Institute of
Physics, University of Sao Paulo. The experimental setup is
composed of the laser beam with wavelength 657 nm and the
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detector positioned at 90° with respect to the incoming beam.
Temporal autocorrelation curves were obtained using standard
routines of the acquisition programs. The experiments were
performed in homodyne mode. The samples were placed on
special plastic cuvettes available at the instrument. The auto-
correlation functions were modeled with Non-Negatively
Constrained Least Squares (NNLS) method [10]. As a result,
size distributions as a function of hydrodynamic sizes were
obtained. For the correct interpretation of the obtained hydro-
dynamic radius and comparison with the other experimental
results is necessary to consider the fact that the particles are
rods. As shown by Eimer and Pecora [11], the average hydro-
dynamic radius Ry; of a cylinder with diameter d, length L and
aspect ratio p = L/d, is given by,

Ry=L/[2(np+v)| (1)

where v is a polynomial approximation of a numerical simula-
tion for the correction on the translational diffusion coefficient
due to the particle anisometry (2 < v < 30) and is given by
(12],

v =0312+0.565p~" — 0.100p™2 )

TEM measurements

For registration of transmission electron microscopy (TEM)
micrographs, TEM grids were prepared by placing a droplet
of sample on the grid without any dilution. The excess of
residual GN suspension on the grid was blotted with filter
paper, and the grid was allowed to dry at room temperature
(~23 °C). Carbon-coated collodion film copper grids were
used in this work. Once the TEM grids were prepared, they
were mounted and analyzed in a JEOL 2100 TEM Microscope
instrument equipped with a LaB filament, a high-resolution
(HR) pole piece. The microscope was operated at 200 kV to
achieve high-resolution imaging (0.23 nm). Micrographs of
ten different regions were registered for each GN sample at
a different elapsed time of synthesis. A custom Python 3.6
[13] script was used to perform operations of noise reduction
(smooth filter), contrast enhancement, particle segmentation,
size (width and length) distributions, and analysis of size
distributions. The image processing and segmentation of
GN from the background on the TEM micrographs was per-
formed based on Huang’s thresholding method [14] imple-
mented in the Scikit-Image [15] library from the Python
ecosystem. From the collection of segmented particles, we
were able to generate size (width and length) distributions
that were stored as data frames in the pandas library [16].
These distributions were fitted to Lognormal distribution
[17] by using Scipy library built in the method [18].

Ultraviolet-visible spectroscopy measurements

The ultraviolet—visible spectroscopy (UV—Vis) characteriza-
tions were performed using an Ocean Optics USB400 spec-
trometer and a Mikropack DH-2000-BAL light source. The
data were collected in the wavelength range from 178 to
893 nm. The samples were dispersed in a 1 mL water placed
in a plastic cuvette.

SAXS modeling
Indirect Fourier transformation (IFT)

The SAXS intensities were modeled with the Indirect Fou-
rier transformation method (IFT) using the Glatter method
[19] in a slightly different implementation [20, 21]. As a
result, the pair distances distribution function (p(r)) is
obtained. The shape of the p(r) function gives good indi-
cations about the overall particle sizes as well as particle
radius of gyration (R;), maximum size (Dy;,x), and forward
scattering (1(0)) [9, 22]. Since the data is normalized to the
absolute scale it is possible to estimate the molar concentra-
tion of the synthesized GN.

Cylinder model

A theoretical SAXS model describing a system of polydis-
perse cylinders was also used. The main equation of the
model is [23]:

[~

Irod(q) = SCcyl / Vz(Rv L)Pcyl(q’R’L)D(R’ <R>9Z) dR+B
0

3)
where ¢ is the modulus of the momentum transfer vector
of the reciprocal space, R is the radius of the cylinder, L is
the length of the cylinder, Sc, is the intensity scale factor,
V(R, L) is the volume of the cylinder, Pcyl(q, R, L)is cylinders
form factor, D(R, {R), z) is the radius distribution function
and B is the background. The full expression of the cylinders
form factor is:

/2

2J,(gR sin a) sin(gL cos a/2) 2
Poy(q.R.L) = / [ ‘ /

sin « da
gR sin a gL cos a/2

0
4
J, is the Bessel function of the first kind.
The radius distribution D(R, <R>, z) was modeled using
a Schulz—Zimm function [23]:
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(1) B (R
o .0= (35 ) en( e v ) ©
/ D(R,R,z7)dR =1 (6)
0

where <R> is the average radius, z= 1/(6/<R>)* and o is the
standard deviation of the distribution.

Core-shell ellipsoids of revolution

The scattering intensity of the CTAB micelles was described
using a form factor of core—shell ellipsoids of revolu-
tion [23]. The SAXS intensity data of the CTAB samples
indicated a strong structure factor interaction among the
micelles. For simplicity, this interaction was included
in the model by the use of a hard sphere structure factor
Sus (¢> Rys 1) [24]. The whole model is written as:

GN and CTAB micelles

For the SAXS data at 1.2 m the presence of the CTAB
micelles is visible at the scattering curves and therefore is
necessary to include it in the final intensity. This is done
by a simple combination of the intensity of the cylinders
and core—shell micelles, however, considering SHS(q, 1,
RHS)=1 since the effects of the interactions among the
micelles are not apparent in these SAXS curves:

1(q) = L10a(q) + Inic(9) (10)

Estimation of GN molar concentration

The forward scattering of a system composed of particles
with volume V, electron density pgy, dispersed in a medium
with electron density p,, and molar concentration cy; is
given by [9]:

Imic(q) = SCmic / Pmic (q’ RC’ T’ €)D(RC’ <RC>’ GC)dRC SHS (q’ n, RHS) +B (7)
0
N,
where R is the radius of the core, T is the shell thickness,  I(0)gy = Cll\f)—o(/; (Pon — psol)Zr(z) VZem™| an

€ is ellipsoid anisotropy (for spheres € = 1, prolate ellip-
soids have ¢ > 1 and oblate ellipsoids ¢ < 1), RHS is the
hard sphere interaction radius, 1) is the hard sphere volume
fraction and P (¢,Rc, T, €) is the a form factor of the
core—shell ellipsoids of revolution:

/2

Proic (q,RC, T,G) = /FCS [q, r(RC, €,a), T)]zsin ada (8)
0

where 7(R¢, €, @) = RcVsin®a + ecos?a and the modulus of

the core—shell scattering amplitude F-g(g, R, T) is given by:

APghein
FCS(q? RC? T) =ﬁ(vcore + Vshell)Fsph (l], RC + T)

core

Apgpen
+ <1 - - Vcorerph(q7 RC)

pCOl’C

®

Foon (q, RC) is the modulus of the scattering amplitude of a
sphere, V. and V., are the volumes of the core and shell,
respectively. =2l ig the ratio between the electron density

Peore

contrast of the shell and the core. R is the radius of the core
and 7 is the thickness of the shell.

* @ Springer

where N, is the Avogadro’s number and r, is the classical
radius of the electron. Assuming that the GN are formed by
crystalline gold and dispersed in water, the electron den-
sity contrast is Apgn = PoN — Psol = 4.3246—2. In the above
expression, the volume is expressed in cm” and r in cm.
Therefore, the molar concentrations of the GN is given by
(Fig. 1):

10001(0)
= 2GN2 [mol/L] (12)
NalDponrsV

™™

Results and discussion
GN produced using the modified synthesis route

The experimental investigations were performed on the
centrifuged and redispersed aliquots. Figure 1a shows the
SAXS data collected. Interesting, a visual inspection reveals
that the intensity profiles show a very well-defined Guinier
region, where the slope of the intensity curves in log—log
scale tends to zero for low g values [25]. Also, the curves
display a prominent oscillation at g~ 0.29/nm, which is an
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indication of relatively low polydispersity. Figure 1b shows
the obtained pair distances distribution functions p(r) for
the collected SAXS data. The shape of the p(r) curves are
typical for rod-like particles. The values where the curves
go to zero indicates the maximum dimensions of the nano-
particles. Also, the point of inflexion of the curves just after
the maximum is a rough indication of the particle diameter
[26]. Monodisperse cylinders have a linear descent of the
p(r) curves after the point of inflexion. In the present case,
this descent is not perfectly linear due to a small polydisper-
sity in sizes, as demonstrated by the modeling of the data
using theoretical form factor [26]. Even though the system
is not perfectly monodisperse, the IFT method provides a
good indication of the average sizes and shapes. Interest-
ingly, a small shoulder is also seen in the p(r) curves around
~10 nm. This may come from the presence of free CTAB
micelles in the system and also from the CTAB molecules
around the GN. CTAB micelles have a high affinity to gold
surfaces, as demonstrated by molecular dynamic simulations
[27], and are crucial for the stabilization of the GN in the
solution. The structural parameters obtained from IFT are
shown in Table 1. From the forward scattering values, 1(0),
it is possible to estimate the molar concentrations, given the
particle volumes, as shown later in the text.

The model fits using the theoretical form factor of poly-
disperse cylinders is shown in Fig. 2a. The good agreement
between the model and experimental data indicate that the sys-
tem is well described as cylinders. This oscillation becomes
more pronounced as the synthesis time increases, suggesting
that the polydispersity of the system decreases with time.

The theoretical model of polydisperse cylinders (Eq. 1)
was used to describe the experimental SAXS data. The

Table 1 Structural parameters for the GN as a function of synthesis
time

temporal evolution of the average radius, length, and
polydispersity, determined using the SAXS modeling, are
shown in Table 2 and Fig. 2a—c. The relative polydispersity
in radius is calculated and used for the length in an affine
approximation. The average radius of the cylinders pre-
sents a decrease with time. The average length, on the other
hand, shows the tendency to grow, leading to an increase
in the aspect ratio, as shown in Fig. 2d. These results sug-
gest that the GN becomes more elongated while the growth
rate decreases with synthesis time. The relative polydisper-
sity curve (o/R), shown in Fig. 2c, reveals that the system
becomes less polydisperse during the synthesis time.

The DLS results are shown in Fig. 3. The correlation
curves shown in (a) are characteristic of a system with two
main contributions. By using the NNLS model one can
obtain the intensity size distributions, shown in (b). One can
see well-defined maximums in these plots. The first one at
~6-7 nm is related to the CTAB micelles in the system. The
other maximum, at ~70 nm is from the GN. In all synthesis
times, the presence of the two maximums indicates the pres-
ence of CTAB micelles and GN during the whole synthesis.
The position of the second maximum stays approximately
at the same position until 50 min. For 60 min a third maxi-
mum appeared at around ~350 nm. This can indicate the
presence of tiny fractions (<0.001% in volume fraction) of
large aggregates in the system, which is likely a dust parti-
cle in the system. The third peak seems to make the second
maximum, related to the GN, to move to lower values in the
NNLS optimization (probably an artifact of the modeling
method). From the peak position of the second maximum,
it is possible to obtain the average hydrodynamic radius RH
for the GN. The values are shown in Table 3.

The TEM images of the aliquots, shown in Fig. 4, reveals
GN with well-defined shapes and relatively low polydisper-
sity. The calculus of the average sizes, displayed in Table 4,
based on the images shows a tendency to increase the sizes

Time (min) Rg (nm) sRg(am)  I(0) (/cm) sI(0) (/em) with time. From the GN dimensions, one can estimate the
" s 0.03 L1 008 hydrodynamic radius Ry, using Eq. (1). Calculations using
’ 25'59 0'03 33‘75 0'03 the dimensions obtained from SAXS and TEM indicated
20 26.87 0'03 34‘99 0'05 that the TEM dimensions provide Ry values closer to the
10 27'21 0'02 49‘27 0'04 DLS results. This can indicate that the sizes obtained from
s 26.81 0'04 41‘39 0'05 the micrographs were influenced by the CTAB shell around
‘0 27'39 0'05 21‘28 0'04 the GN. Since Au has a much larger electron density than
i 25'42 0'03 31‘14 0'04 the surfactants, the SAXS data mostly show the gold core
i i i i dimensions and not the CTAB contributions. Interestingly,
Table 2 Structural parameters 12 min 22 min 30 min 40 min 50 min 60 min
calculated using the theoretical
SAXS model Sc 29.1 (1) 23.0 (1) 25.2(1) 33.8 (1) 29.79 (1) 19.91 (8)
R (nm) 19.76 (3) 18.60 (2) 18.04 (2) 17.82 (1) 17.66 (2) 17.45 (2)
& (nm) 2.60 (2) 2.10 (3) 1.99 (2) 1.61 (1) 158 (2) 1.54 (1)
L (nm) 63.9 (3) 69.5 (3) 76.6 (4) 81.1 (3) 78.8 (4) 80.3 (4)
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Table3 Hydrodynamic radius 10 min 22 min 30 min 41 min 50 min 60 min
obtained from DLS experiments
Ry (nm) 333 33.8 333 319 34.3 27.5%

#Value underestimated. See text

the values are shown in Tables 3 and 4 show a very nice
agreement between the results of the hydrodynamic radius
Ry.

The UV-Vis results are shown in Figure S2. The shape
of the UV-Vis curves presents two maximums, which is a
characteristic feature of anisotropic particles as GN, where
one can have transversal and longitudinal surface plasmon
resonance (LSPR) bands. The maximum at ~525 nm is
related to the particle diameter and the other maximum at
larger wavelengths is related to the length of the GN. As time
evolves, one can see a systematic movement of the second
maximum from ~ 600 up to ~750 nm, which is an indication
that the length of the GN is increasing.

The aspect ratio (L/2R) is frequently analyzed in publica-
tions about GN [28-31]. Usually, the values reported for the
synthesis route reported by Morasso et al. [7] range from ~2
to 3.5. For visual inspection of the overall synthesis behavior,
in Figure S1 are shown photos of the unchanged synthesis
reactor at different times. The liquid has a characteristic color
for Au colloids, getting darker over time, which indicates the
growth of the GN. The SAXS results for aliquots taken at
the end of the synthesis route are shown in Figure S2 and

Table S1, showing an aspect ratio of ~2.93. The small change
in the synthesis route described above promotes the forma-
tion of wider GN. Figure 2e shows the evolution of the aspect
ratio calculated using SAXS data, the values obtained vary
from ~ 1.6 to 2.4. A tentative description of the contribution
of CTAB micelles to the SAXS curves is shown in “Sup-
plementary Information” (Figure S3). This investigation was
also made for the unchanged synthesis route. The obtained
micelle sizes and characteristics are similar to previous results
present in the literature [32]. Since the lengths of cylinders
cannot be accessed for used SAXS setup (0.9 m), the lengths
of the cylinders were set to 60 nm, as indicated by the USAXS
data for the unchanged synthesis (Table S1). The modeling
of the SAXS data demonstrated that the centrifugation of the
samples decreases the concentration of the micelles in the
system (Table S2). However, the stability of the GN after
centrifugation is decreased [33]. The cylinder’s diameter and
polydispersity for the SAXS and USAXS data are not identi-
cal because they correspond to different synthesis batches of
the unchanged synthesis. However, the results show the same
trend, which indicates a nice reproducibility of the synthesis.

]
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Fig.4 TEM images of GN aliquots taken at different synthesis time

The aspect ratio can be compared to the position of the
second maximum of the UV-Vis spectra, shown in Figure
S4. There is a number of papers in the literature investigating
the relationship between these two parameters since, in the-
ory, it would allow an easy determination of the aspect ratio
by just measuring the absorbance UV—Vis spectra, which is
a relatively simple experiment. Several studies demonstrate
an approximately linear dependence between the aspect ratio
and the LSPR band [28, 29, 31].

Aspect ratios are usually calculated using TEM data.
However, as mentioned above, the sizes from TEM images
somewhat includes the CTAB shell, making the dimensions
from TEM larger than the ones obtained from SAXS data,
since SAXS mostly ‘sees’ the core of the GN. Also, the sam-
pling promoted on SAXS experiments is much larger than
the one in TEM analysis. One can check the comparison
between the position of the longitudinal LSPR band 4,
and the aspect ratio calculated using both SAXS and TEM
data. For this comparison, 4,,,, was plotted as a function of
the aspect ratio, as it is shown in Fig. 5. Indeed, the points
seem to follow a linear trend with a similar slope but differ-
ent linear coefficients. The linear relations obtained from
the fits are given by:

SAXS: Ayx = (400 +30) + (140 + 14) X (L/2R) (13)

TEM: Ay = (400 + 30) + (130 + 13) X (L/2R) (14)

The XRD data for several aliquots is shown in Figure S5.
In the diffractograms, it is possible to see a series of peaks,
corresponding to several phases in the system. Comparing
the peaks of the XRD pattern of Au face-centered-cubic
lattice (JCPDS no. 04-0784) it is possible to identify the
presence of crystalline gold in the system, which indicates
that the GN has a well-defined crystalline structure. The
other peaks are related to the unspecific crystallization of the
CTAB content during the measurements. Even though it is
not possible to perform a detailed quantitative analysis of the
XRD data, the results indicate the formation of crystalline
GN. A systematic investigation of XRD data for optimized
sample conditions would provide more details on the struc-
ture of the GN and will be investigated in future works.

Conclusions

In this work, a systematic investigation of GN synthesis was
performed. By using a combination of several experimental
techniques, it was possible to obtain a detailed structural
characterization of the nanoparticles in the system.

Table 4 Structural parameters

. 10 min 22 min 30 min 41 min 50 min 60 min
calculated using the TEM
images R (nm) 21.5 20.7 18.4 20.6 17.7 19.9
L (nm) 76.5 85.5 80.4 96.6 86.1 101.2
og (nm) 1.9 1.9 29 1.0 2.5 0.8
oy, (nm) 7.6 6.8 13.6 5.8 7.7 6.1
Ry? 32.6 33.2 30.2 34.8 34.8 34.8

“Estimated from cylinders dimensions using Eq. (1)
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Fig.5 Position of the longitudinal LSPR band (4,,) versus the
aspect ratio calculated using the SAXS data (solid circles) and TEM
(open triangles). Full lines are linear fits for each dataset

A small change on a previously published synthesis
route promoted an important variation on the aspect ratio
of the GN. Well-defined GN were obtained, with diameters
of ~35-40 nm and lengths of ~70-90 nm. The aspect ratio
of the GN is a very important parameter since the sizes
are related to plasmon resonant frequencies which, on the
other hand, influences its use in technological applications.

The comparison of the results for the unchanged and
changed synthesis indicates that the GN in the changed
synthesis route has a larger diameter and shorter aspect
ratios. This indicates that the reaction initiated by the
separated solution of CTAB and HAuCl,, as described in
the previous sections, leads to shorter aspect ratios. Sau
and Murphy [34] investigated several aspects of the GN
synthesis and concluded that the production of shorter
rods can be obtained by decreasing the overall CTAB con-
centration in the solution but the production yield drops
and non-rod particles are generated. The change proposed
in this work open other possibilities for the synthesis of
GN in a broader range of aspect ratios and, expanding its
applicability. For example, mixtures of GN with two well-
defined sizes can be used as a resonator for two defined
wavelengths. However, the use of GN demands a precise
quantification of the concentration in the system since. In
this work, we present a procedure for estimation of the
molar concentration based on the use of SAXS data. As
shown in the text, for the synthesis of GN, typical con-
centrations of ~pM were obtained which, in other words,
indicates concentrations of ~2000-5000 GN mm?. The
results presented in this work can be used to optimize the
production and quantification of GN.
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